Numericalpredictions of the flow created b y a closedend pipe expanding or contracting radially were compared with an analytical solution. Both single-and multi-block versions of the finite volume code FLO W3D were used. Flows of this type are of interest because they can be used as simple models of the flow in potential assist devices known as Skeletal Muscle Ventricles (SMVs). The work to be discussed is part of a comprehensive research programme on SMVs which comprises i n vivo, i n vitro and numerical studies. The main objective of the numerical study is to help in the design or streamline of an optimum ventricle shape and anlet/outlet configuration. Predictions of the flow fields inside simple model SMVs are presented.
Introduction
During systole, contraction of muscle in the wall of the left ventricle reduces the vessel's internal volume and force the blood through the aortic valve. Throughout this pumping stage, the mitral valve is closed, and hence the ventricle resembles a closed-end cylinder which is contracting radially. In diastole, the muscle relaxes, the aortic valve closes, the mitral valve opens, and the ventricle refills. Again, the ventricle resembles a closed-end cylinder] but in this case the cylinder is expanding.
Similar physiological flows occur in a potential cardiac assist device known as a Skeletal Muscle Ventricle (SMV). An SMV is constructed by diverting a patient's own skeletal muscle from its normal function to perform a cardiac assist role [1,2]. Knowledge of the dynamics of the flow in such devices is of interest as high shear stresses can lead to haemolysis and platelet activation] while regions of stagnant flow can lead to thrombosis [3] .
The purpose of the work to be described in this paper was to study numerically the flow in simple model SMVs, and to test whether the Computational Fluid Dynamics (CFD) code chosen to perform these calculations could predict accurately flows that are driven by the movement of the vessel wall. Calculations for the flow in a semi-infinite pipe which is either expanding or contracting are first compared with the analytical solution due to Uchida and Aoki [4] . Then calculations due to flow in somewhat more realistic models are presented and compared with in vitro data.
2.

Model 1. The expanding/contracting pipe
The problem considered by Uchida and Aoki [4] was that of unsteady laminar flow in a semi-infinite contracting or expanding pipe. The closed end of the pipe was idealized as a compliant membrane which prevents axial motion of the fluid, but allows radial motion.
All calculations to be discussed were performed using Harwell-FLOW3D1 which is a general purpose CFD code. The code uses body-fitted coordinates, and has a moving wall/grid facility. Since the flows considered were generated by moving boundaries, the latter feature was essential. Details of the code may be found in references [5-71. Calculations using both the single-block version (Release 2.4), and the more versatile multi-block version (Release 3.1.2) of FLOW3D were tested against the solution of Uchida and Aoki [4] . Because of the simplicity of the solution domain, a grid comprising only a single axisymmetric block was in fact used in the multi-block calculations, which meant that the grids used in the two versions were identical. Also, polar coordinates were used in physical space in both versions.
In the numerical model, the pipe was defined to be fifteen diameters in length. The closed end was modelled as a symmetry plane, and the inlet/outlet plane was taken to be at athmospheric pressure. While the latter was not consistent with the analytical solution, it was found not to affect the predictions away from the boundary. Following Uchida and Aoki [4] , the temporal variation of the pipe radius, a, was defined using the following formula.
where a0 is the initial pipe radius, taken as 10 m m ,
U is'the kinematic viscosity, taken as 4 x m2/s (the viscosity of the liquid used in the in vitro work), t is the time, and a' is the time rate of change of the radius. The parameter la1 is a constant and can be taken to represent the Reynolds number of the flow. The sign of a indicates whether the pipe is contracting or expanding; e.g., a is negative when the tube is contracting.
In this paper only one case will be presented; an expansion with a Reynolds number equal to 1.67. This is an interesting case as a (small) reverse flow region was predicted analitically (Fig.6 in [4] ). Various other rates of expansion and contraction were studied and these are discussed in Iudicello et al. [8] . Numerical and analytical results, in terms of axial and radial velocities, are given in Figs. 1 and 2 for the single-block version, and in Figs. 3 and 4 for the multi-block version. It can be seen that the predictions match well the analytical curves. However, it was found necessary to have a larger simulation time to establish the correct velocity profiles for this case, namely 3.0 s as opposed to 1.0 s used for the other cases. This was found to be true for both single-and multi-block grids.
The current numerical predictions are entirely consistent with Uchida and Aoki's solution [4] , the chief feature of which is similarity in both in both z, the axial direction, and time. While the solution is restricted to a type of wall motion that does not represent well that of an SMV; i.e., it is not periodic, but is either expanding or contracting, and the Reynolds number (based on the wall speed) is rather low, it does offer some useful features. For instance, it is not restricted to small wall movements, in contrast to the solution of a flow in a channel with pulsating walls given by Secomb 3.
Model 2. The rigid/compliant pipe
The obvious limitation of the model considered in the previous section is that an SMV has a finite length, and hence a similarity solution in z cannot be developed. Also, the pulsatile motion of the SMV wall means that a similarity solution in time is not possible. Further, it is likely that the SMV will be fed by a rigid tube. While an analytical solution encompassing the preceding features is almost certainly unattainable, the authors have performed in vitro studies with which numerical predictions can be compared. The preceding model was modified to include a rigid inlet/outlet tube, and the wall motion was made sinusoidal. This will be referred to as the rigid/compliant pipe model.
In the in vitro studies, the flow fields inside elastomer models were visualized throughout the cycle using a plane of laser light illuminating suspended particles in the fluid, and photographs were taken in diametral pIanes 1111. A typical in vitro model SMV is shown in Fig.5 . All the model SMVs studied to date have rigid inlet tubes, and hence, over part of the cycle at least, the flow geometry resembles that of a sudden pipe expansion. As would be expected, this produces flow separation and recirculation. The primary recirculation is usually accompanied by a second and possibly a third recirculating region. This complex pattern occurs when the ventricle's volume is approaching its maximum value.
The essential features of the flow in an SMV can be compared with a channel with a symmeirical indentation. Numerical and experimental works have been presented on the flow in channels with indentation. 
4.
Conclusion
Predictions of the flow generated by a semi -infinite expanding pipe have been performed and have been shown to agree with an analytical solution due to Uchida and Aoki [4] . Also, predictions of the flow within model SMVs using sinusoidally prescribed motion of the wall are presented. The predicted flow fields show good agreement over the period with the experimental flow field seen in the in vitro study for a similar model. This work is being extended by simulating the flow in the same model SMV analyzed above using the in vitro d a t a for the wall position throughout the cycle.
